The first stage (spinal ache) consists of severe back pain associated with fever and local tenderness in the area of the spinal column. The second stage (root pain) is dominated by nerve root pain radiating from the spinal segment affected. The third stage (weakness) begins when a neurological deficit is first observed, with weakness of voluntary muscles and bowel or bladder incontinence. Sensory deficits may also occur. The fourth stage is paralysis. As can be expected, neurological dysfunction is most severe when the infection is located at cervical or thoracic levels. 31 Children do not appear to follow the Heusner stages. 36 Conspicuous crying and obvious pain on deep palpation 2 and/or hip tenderness may be the only sign of spinal canal infection in young children.
Vertebral Osteomyelitis. This is the most common spinal infection and affects primarily anterior elements of the vertebra and adjacent discs (Figs. [2] [3] [4] . The source of infection is usually hematogenous, with either an arterial or venous origin. The segmental arteries supplying the vertebrae bifurcate to supply two adjacent bone segments, explaining why vertebral osteomyelitis usually involves two vertebrae and the intervening disc. 127 Batson 12 also described a paraspinous venous plexus (the Batson plexus) as another route for hematogenous spread. Other sources implicated include spread of infection from a soft-tissue A. Quiñones-Hinojosa, et al. 2 Neurosurg. Focus / Volume 17 / December, 2004 abscess in contiguous structures, or iatrogenic infection after spinal or paravertebral surgery.
Pyogenic vertebral osteomyelitis infections have become more common than tuberculosis infections since the development of antituberculous chemotherapy. 1 Pyogenic infections most commonly affect the lumbar spine (48%), followed by the thoracic spine (35%). 117 Nevertheless, in one series pyogenic vertebral osteomyelitis was found mostly at cervical levels. 96 This shift may be explained by the high prevalence of intravenous drug abuse in that series; it is suspected that intravenous drug abuse may directly inoculate venous return to the cervicothoracic levels. Associated soft-tissue abscesses are found in one third of pyogenic spinal infections. 61, 64 Pyogenic vertebral osteomyelitis may present with acute, subacute, or chronic symptoms. An acute presentation, which is often found in children, is characterized by high body temperature, septicemia, and generalized signs of systemic illness. Focal spinal pain, fever, and muscle spasms may be present. Symptoms in subacute or chronic cases are often vague, with atypical symptoms of chronic chest, abdominal, or hip pain, which often overshadow the underlying one of back pain. A neurological deficit is found in 4 to 17% of these patients. 117 Pott disease was named after Sir Percival Pott, who first described vertebral osteomyelitis infection arising from Mycobacterium tuberculosis in 1779. 88 Pott disease shares the same presentation and pathogenesis as pyogenic disease, but has a more indolent course; duration of symptoms ranges from several weeks to 2 years, with a mean duration of 3 months. 96 Tuberculosis also has a propensity to infect the thoracic levels more frequently, followed by the lumbar and thoracolumbar junction; rarely are the cervical or sacral regions involved. 51 Due to its avascular nature the intervertebral disc is not involved initially, but progressive destruction of the paradiscal vertebra compromises nutrition to the disc, causing necrosis and subsequent bacterial invasion.
Neurological deficits occur in 40% of patients with Pott disease. 117 Paraplegia is more common in this disease than in pyogenic infections, because the posterior elements, including the neural arch, are involved more frequently. 83 Rarely does an epidural granuloma occur by direct hematogenous seeding without adjacent bone involvement. Subdural and intramedullary tuberculomas are not uncommon. 7 Paravertebral soft-tissue abscesses are also more frequent in Pott disease and are found in 70 to 75% of cases.
5,69
Intervertebral Disc Space Infection. These infections primarily involve the space between adjacent VBs (Fig.  4) . Disc space infections can be further subdivided into three categories: adult hematogenous (spontaneous); childhood (discitis); and postoperative. 93 Adult hematogenous disc space infection will be considered with vertebral osteomyelitis in this study, because it is often found in
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Spinal infections: multidisciplinary approach 3 Fig. 2 . Lumbar osteomyelitis. A: A T 2 -weighted MR image demonstrating involvement of the L-2 and L-3 VBs, with significant destruction of the end plates, in a patient who presented with a long history of back pain. Nafcillin-sensitive S. aureus was cultured from a CT-guided needle biopsy sample. The patient was treated with intravenous antibiotic medications. B: A follow-up plain x-ray film obtained at 2 weeks, showing vertebral osteomyelitis with disc space involvement that is beginning to resolve, with spontaneous intervertebral joint fusion. This patient's infection was successfully managed without surgery. Fig. 3 . Cervical osteomyelitis. A: Sagittal T 2 -weighted MR imaging demonstrating involvement of the C-6 and C-7 VBs in a patient with a history of laryngeal cancer who presented with severe neck pain after a fall. A pathological fracture secondary to tumor metastases was initially suspected, but later Str. viridans infection was confirmed. B: Axial CT scan of the cervical spine revealing collapse of the VB due to vertebral osteomyelitis. C and D: Anteroposterior and lateral plain x-ray films showing anterior cervical corpectomy at C-6 and C-7 and reconstruction with mesh and polymethyl methacrylate, followed 10 days later by posterior C5-T1 cervical fusion with placement of fixation plates secured with lateral mass and pedicle screws. A halo brace was used for additional external support. The outcome was excellent and the patient remained neurologically stable.
conjunction with this disease and thus its presentation and management are similar.
Childhood discitis is rare, with an annual incidence of 0.3 to 0.6 per 10,000 cases. 27 Prior to the second decade of life, vascular channels perfuse the cartilaginous regions of the disc space, providing a pathway for hematogenous spread of bacteria. 26, 27 This may explain why younger children (Ͻ 5 years old) are more likely to have spontaneous disc space infections than older children. 34 Children may be preverbal, and eliciting a description of the quality and location of pain may be difficult. Discitis commonly affects the lumbar spine and may present as a reluctance to walk or stand. Paravertebral muscle spasm is common, and if hamstring muscle spasm is present then straight leg raising will be limited. Tenderness in the back, legs, or abdomen may present as nonspecific irritability. 48 In older children between the ages of 3 and 9 years, the predominant symptom is back pain. 26 Due to the avascular nature of the intervertebral disc space in adults, disc space infection is frequently iatrogenic, caused by procedures that directly inoculate the disc. These include discography, chemonucleolysis, and surgical procedures involving the intervertebral disc space. Despite use of aseptic techniques, the incidence of postoperative disc space infection remains between 2 and 4% of patients undergoing spinal procedures. 52, 111 Preoperative antibiotic drugs have been shown to minimize the incidence of postoperative infections. 38, 45, 100 In one publication, postoperative disc space infection was prevented with a single prophylactic dose of a first-generation cephalosporin. 85 Postoperative disc space infection is unique in its presentation. Pain usually persists after surgery (mean time to onset 1 month), 70 and is often described as having a different quality than that which was present before surgery. Bed rest and immobilization helps alleviate pain, whereas movement exacerbates symptoms. If not treated, the pain progressively worsens until it becomes unbearable; narcotic analgesic drugs fail to relieve symptoms. Severe muscle spasm may also develop and the patient may progress to a fixed posture of extension. Results of the straight leg raising test are often positive. 32, 33 The area is also markedly tender to palpation at the level affected.
Adjacent Soft-Tissue Infections. Soft-tissue abscesses include cervical and thoracic paraspinal lesions and lumbar psoas muscle abscesses. Destruction of the adjacent cortical bone and elevation of the periosteum are associated with formation of a paraspinal abscess. The inflammatory mass may penetrate the periosteum and form a psoas abscess, which may extend inferiorly under the psoas muscle sheath as far as the groin and thigh. 116 Soft-tissue abscesses generally affect younger patients and are relatively rare in the elderly population. 44 The symptoms of a paraspinal soft-tissue abscess are often nonspecific. Patients may present with flank pain, abdominal pain, or a limp. In psoas muscle abscesses, pain may radiate to the hip and thigh because of the collateral innervation. Flexion and stretching or contraction of the psoas muscle (for example, raising the thigh against resistance) elicits pain. For relief of pain the patient may be placed supine, with the knee moderately flexed and the hip mildly externally rotated, for this position affords the greatest comfort.
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CAUSATIVE ORGANISMS
The causative organisms for spinal infections can be classified as either pyogenic or granulomatous based on the host immune response. Pyogenic immune responses are the most common and are caused by bacterial infection. Staphylococcus aureus is responsible in 60% of cases, followed by the Gram-negative species Escherichia A. Quiñones-Hinojosa, et al. Fig. 4 . Intervertebral disc space infection. This patient had a 10-day history of back pain. Preoperative blood cultures were positive for nafcillin-sensitive S. aureus. After a 6-week outpatient course of intravenous antibiotic drugs, the patient presented with persistent low-back pain. A and B: Preoperative contrast-enhanced sagittal T 1 -weighted MR images with fat saturation reveal a hypointense, ring-enhancing lesion at the L5-S1 vertebral interspace consistent with vertebral osteomyelitis and disc space infection. Debridement of the L5-S1 intervertebral space with partial L-5 corpectomy and fusion with an iliac crest bone graft and mesh implantation, followed by an additional 5-week course of antibiotic agents led to resolution of pain and infection.
coli. 24, 84, 108 Gram-negative organisms are often found in immunocompromised patients, 86, 107 whereas intravenous drug abusers are susceptible to Pseudomonas species. In patients with infective endocarditis, Streptococcus viridans should also be suspected.
Granuloma formation is a result of infection with either mycobacterium species or fungi. In the US, the emergence of multiple drug-resistant M. tuberculosis has resulted in a resurgence of tuberculosis infection. 16 , 54 Pott disease affects 1% of those harboring tuberculosis infections. 96 Other Mycobacterium species causing vertebral osteomyelitis, such as M. avium-intracellulare, have also been reported in an immunocompromised patient. 87 Fungal organisms found in spinal infections include coccidiomycosis, blastomycosis, histoplasmosis, cryptococcosis, and sporotrichosis. Coccidiomycosis is endemic to the southwestern US and is particularly prevalent in the San Joaquin Valley in California. Blastomycosis and histoplasmosis are found in the southeastern and midwestern states. Immunocompromised patients are susceptible to cryptococcosis and sporotrichosis infection. In fungal infections, primary sites commonly occur in the respiratory tract, with secondary hematogenous spread to the spine.
Parasitic infections are virtually unknown except in developing nations and are often associated with a slower course of disease. 58 Bartonella henselae infection causes intraspinal granuloma formation and has been reported as a complication of catscratch disease. It should be considered in patients presenting with a history of feline exposure. 101 Childhood discitis deserves special mention because its origin is controversial. Most cultures and biopsy samples are negative, 40 leading several authors to believe that discitis in children is not an infectious but rather a traumatic condition resulting from a partial dislocation of the epiphysis as a result of flexion injury. 4 Nevertheless, when an infectious agent is found, cultures are likely to be positive for S. aureus.
The medical and surgical management of spinal infections caused by fungi is similar to the protocol for bacterial infections, with the only difference being the antimicrobial regimen prescribed, which must be specific for the causative organism. In all cases, an infectious disease consultation is necessary for appropriate pharmacological therapy, which is dependent on the sensitivities and regional resistances of the causative organism.
DIAGNOSIS
The biggest problem with spinal infections is not treatment, but rather early diagnosis before serious morbidity occurs. The mean duration of symptoms from onset to diagnosis ranges from 2 days to 6 months (mean 1 month). 6 A careful review of the patient's history and physical examination findings as well as the laboratory data and diagnostic imaging studies is necessary. The differential diagnosis for spinal infections should at least include herniated intervertebral disc, multiple myeloma, metastatic carcinoma, vascular lesions, and vertebral collapse from minor trauma in a patient with osteoporosis.
Laboratory Tests
Laboratory results may be helpful in the diagnosis of spinal infections. The acute-phase proteins, ESR, and CRP level are more useful than the WBC count, which is often normal or only slightly elevated. The ESR is almost always elevated, whereas CRP values are found to be universally elevated in the presence of infection. 10, 20, 46, 48, 99 The CRP value has proved to be more specific and sensitive than the ESR or WBC count; 81 however, both are limited by their inability to specify whether a pyogenic or granulomatous process is involved or whether a malignancy is present. The CRP value and ESR may be followed to monitor treatment efficacy or to detect postoperative disc space infection when back pain persists after discectomy. Postoperative disc space infection should be suspected when the ESR is more than 45 mm/hour and the CRP is more than 2.5 mg/dl on the 6th day, or when these markers fail to show a decline from preoperative values. 102, 111 Identification of the organism is an essential part of the initial investigation. Computerized tomography-guided biopsy sampling of the VB or disc space should be considered for suspected cases and is associated with a low risk of complications. The results are variable, with a yield between 50 and 91%. 22 Blood cultures should be obtained, preferably during a fever spike, are positive in up to one third of patients, and are 85% accurate in identification of the pathogen involved in the spinal infection. 24, 84, 86 When tuberculosis is suspected, a purified protein derivative skin test will be positive in 95% of cases. 96 Immunosuppressed patients may be anergic, leading to falsenegative results. Recently, polymerase chain reaction testing has been used to amplify the microbial genome for identification within a few hours when standard culture methods fail. 25, 57, 63, 124, 128 Isolation of an organism is necessary for appropriate antibiotic treatment, especially for nonsurgical management; however, definitive identification of the pathogen can only be accomplished using tissue cultures obtained directly from the site of infection.
Lumbar puncture is contraindicated in spinal infections. Examination of CSF rarely yields important diagnostic results, revealing the causative organism in only 25% of cases. 28 The risk associated with this procedure involves seeding of the CSF in the subarachnoid space by passing the spinal needle into it through infected tissue or a worsening neurological deficit brought on by lowering CSF pressure below a compressive lesion. When obtained, CSF generally demonstrates meningeal irritation rather than an acute meningitis: pleocytosis, elevated protein, and a normal glucose level are common. 75 
Imaging Studies
A neuroimaging workup is essential in identifying the location and extent of a lesion. A plain x-ray film may be used to localize the lesion, followed by advanced studies including MR bone scan, CT scan, or CT myelogram (Table 1). The following information pertains to the use of neuroimaging to diagnose infections in the four previously mentioned anatomical locations.
Vertebral Osteomyelitis. On plain x-ray films of the spine, signs of the disease often lag behind its clinical manifestation, with initial findings appearing within 2 or 3 weeks of infection as a narrowing of the disc space, progressing to a blurring of the adjacent end plates. When plain x-ray films are negative, Tc scan has been well established as a sensitive tool for detection of osteomyelitis in both adults and children. 35, 39 Nevertheless, because of the prevalence of degenerative spinal abnormalities, especially in older patients, and the associated nonspecific findings, bone scans may be difficult to interpret.
The extent of bone destruction is best appreciated on CT scans, whereas MR imaging can be used to determine the extent of soft-tissue involvement. These MR images readily demonstrate associated paravertebral disease, psoas muscle abscess, and disc or other soft-tissue involvement. Multiple VBs, along with the intervening disc spaces, may be involved by Pott disease or pyogenic osteomyelitis, and epidural extension is common and well visualized on MR imaging.
Pott disease presents with some features on CT scans and MR imaging studies that differentiate it from pyogenic vertebral osteomyelitis. Involvement of the posterior bone elements is rarely seen in pyogenic osteomyelitis and is more commonly associated with tuberculosis. 8 Calcification, which is well appreciated on CT scans, is seen more commonly in tuberculous abscesses than in pyogenic ones. Disc destruction and paraspinal and epidural involvement, which are best visualized on MR images, are additional features that help differentiate Pott disease from other causes of vertebral osteomyelitis. 114, 115, 119 In tuberculosis, the intervertebral disc is involved later in the course of the disease and with less frequency and severity than in bacterial infection, but more than in neoplastic involvement. Disc destruction is often seen in pyogenic osteomyelitis. 120 On T 1 -weighted MR images, a VB infected by bacteria and the adjacent disc may be indistinct, and are usually noted to have decreased signal intensity. The T 1 signal changes in the involved vertebrae are less consistently produced by tuberculosis. On T 2 -weighted MR images, increased signal intensity is revealed in the affected VB (and the contiguous disc if involved) in both pyogenic osteomyelitis and Pott disease. 29, 53 Finally, most cases of Pott disease are located in the thoracic spine, whereas pyogenic vertebral osteomyelitis is commonly found in the lumbar levels.
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Disc Space Infections. The neuroimaging workup of childhood discitis begins with plain x-ray films of the spine. The crucial diagnostic feature is narrowing of the affected disc space and erosion of adjacent vertebral end plates; this finding has been noted in up to 76% of cases. 34 An MR image is useful when plain x-ray films are negative. Edema and purulent material in the marrow or disc space will appear as a dark signal on T 1 -weighted and as a bright signal on T 2 -weighted images. 103 In postoperative disc space infection, MR imaging is the best investigational tool. Inflamed areas, which are involved by the infectious process, commonly enhance after administration of contrast agent. Absence of a nuclear cleft is appreciated in disc space infections. On T 1 -weighted sequences, the inflamed disc appears confluent, and has a hypointense signal compared with the normal disc. The adjacent end plates also are hypointense compared with the bone marrow. On T 2 -weighted MR images, there is increased signal in the involved tissue.
Spinal Canal Infections. Infections of the spinal canal are best visualized on MR images, although CT myelography may still used when MR imaging is unavailable or contraindicated. An epidural abscess will appear as an extradural mass with or without a complete block. A subdural abscess is characterized by a myelographic block with or without irregular intradural filling defects, 11, 62, 118 whereas intramedullary abscess sometimes appears as a widened spinal cord. 15 Magnetic resonance imaging with Gd enhancement has become the gold standard, largely replacing myelography by providing a noninvasive, higherresolution image of neural structures. Abscesses appear hypointense or isointense on T 1 -weighted images, and isointense or hyperintense on T 2 -weighted images. Gadolinium contrast demonstrates linear enhancement of the rim surrounding the nonenhancing purulent or necrotic material. 82, 106 Epidural and subdural abscesses are difficult to distinguish. 66 Accompanying osteomyelitis or discitis is indicative of an epidural process because subdural abscesses are rarely associated with either. 37 Abscesses spanning many levels are also indicative of a subdural process. Results of MR images can sometimes be negative, and imaging should be repeated if the diagnosis is still suspected.
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Soft-Tissue Infections. Magnetic resonance images and CT scans accurately identify paravertebral soft-tissue abscesses. On MR images that reveal loss of the uniform signal intensity in psoas muscle with asymmetrical enlargement of the affected muscle belly, a morphological alteration of the paraspinal soft tissue is indicated. On T 2 -weighted images there is an increase in signal intensity, and with contrast-enhanced sequences a thick rim of enhancement can be seen around the paraspinal abscess. 42 A CT scan revealing the presence of gas bubbles or an air/ fluid level in the psoas muscle is pathognomonic of a psoas abscess. 72 To differentiate between abscess/cellulitis, hematoma, or generalized swelling of the muscle caused by inflammation, diagnostic aspiration biopsy sampling performed with neuroimaging guidance is recommended prior to open surgical drainage.
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MANAGEMENT
In general, the basic goals of management are eradication of infection, prevention or reversal of neurological deficit, and relief of pain. Nonsurgical management of disease should be used in patients with minimal or no neurological deficits and no significant kyphotic deformity or pathological fracture in which bone fragments have been displaced into the neural canal or foramina. When indicated, surgery should be accomplished promptly, because neurological recovery is dependent on the amount of time that passes between the onset of neurological deficit and effective treatment 73 ( Fig. 5) .
Nonsurgical Management
The medical treatments of choice for spinal infections are rest and antibiotic drugs. Immobilization is indicated when pain is a significant symptom or there is a potential for spinal instability. In the thoracic and lumbar spine, immobilization is accomplished using a thoracolumbosacral orthosis. This may be sufficient to allow a patient to resume walking. The cervical spine should be immobilized in a Philadelphia collar (or another hard cervical collar). Immobilization is maintained until pain resolves and evidence of spinal stability is obtained on neuroimaging.
Immediately after a diagnosis of infection is suspected, CT-guided needle biopsy samples and blood cultures should be obtained to identify the causative organism so that an appropriate antimicrobial plan of management can be formulated. Given the wide variety of possible organisms, identifying the specific causative agent is critical for successful treatment. As long as the patient is neurologically and structurally stable, antibiotic treatment should be withheld until positive identification of the organism is achieved. Once this is obtained, antimicrobial therapy can be tailored to the specific infectious agent, with assistance from an infectious disease specialist if necessary. If initial CT-guided biopsy samples or blood cultures yield negative results, these procedures can be repeated. If this fails, open surgical biopsy sampling should be considered.
There are no firm guidelines as to the duration of parenteral therapy for osteomyelitis, but generally a minimum of 6 to 8 weeks is sufficient in pyogenic infections. 97 Although it is not proven to be of benefit, some practitioners prefer to give an additional 1 to 2 months of oral antibiotic therapy. Recommendations for specific antibiotic drugs are outlined in Table 2 .
In the case of Pott disease, treatment lasts for a mean of 12 months, with variations in duration and type of chemotherapy depending on regional resistance patterns. Initially, isoniazid, ethambutol, rifampin, and pyrazinamide are prescribed for the first 2 months. If no information on sensitivities is available, isoniazid, ethambutol, and rifampin are continued for 12 months. If sensitivities are known, two drugs can be used. If isoniazid and rifampin are active, they are continued for 12 months. If other combinations are used, therapy is extended to 18 to 24 months. In immunocompromised patients, indinavir and rifabutin are added. Fungal granulomatous infections are commonly treated with amphotericin B or itraconazole.
Antibiotic use in discitis (in children) is controversial because the course of the disease appears to be benign. 26, 104, 112, 126 Some authors argue that the use of antibiotic drugs will abbreviate the course of the illness 122 and even decrease the likelihood of recurrence. Nevertheless, in one series only three of 20 patients who received no antibiotics had recurrences. 26 We recommend the use of antibiotic medications in the setting of discitis if positive cultures are obtained, recurrences of back pain are accompanied by systemic signs (elevated ESR, CRP level, WBC count, or temperature), or if the patient exhibits clinical progression of disease despite adequate immobilization. Ceftriaxone is recommended in children 3 years of age or younger because of the possibility of infection by Haemophilus influenzae. Three quarters of patients will respond to nonsurgical treatment measures, 33, 97, 109, 123 although it is worth noting that in one series, medical treatment failed in 13 of 15 patients who had a compromised immune status and an unchanged ESR. 19 Medical management is considered to be a failure when symptoms are persistent or worsening, CRP level or ESR remains elevated, or neuroimaging demonstrates continuing bone destruction after 1 month of specific treatment in pyogenic infections or 3 months in Pott disease.
Medical management of spinal canal infection is mentioned separately here because of the controversies that exist. There have been reported cases in which spinal epidural abscess and intramedullary abscesses have been treated medically; 47, 67, 74, 91 however, there are no clear indications concerning when a medical approach is more appropriate than surgery. Leys, et al., 67 define four patient groups that are candidates for nonsurgical management: high-risk surgical candidates, neurologically intact and stable patients, those with complete paresis for more than 72 hours, or with extensive diffuse abscess formation. If medical management is chosen, the patient must be monitored closely. Frequent MR imaging as well as antibiotic therapy tailored specifically to the infectious agent is mandatory. Intravenous antibiotic administration should be of longer duration than in cases in which surgical drainage is accomplished. If no infectious agent can be recovered on either blood culture or CT-guided biopsy sampling, an unequivocal indication for surgical management exists. Ra-
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Spinal infections: multidisciplinary approach pid and progressive neurological decline is not uncommon in such cases. 59 In all cases, ambulation should be encouraged as soon as possible and a rehabilitation program should be designed shortly thereafter. 125 
Surgical Management
Despite recent advances in technique, the optimal method of surgical management remains controversial. The three-dimensional architecture of the spine proves challenging when determining an appropriate surgical strategy. Issues of optimal approach, fusion, and instrumentation make surgical decision making difficult in the face of infection. Nevertheless, three accepted principles can be presented: 1) the infected tissue should be thoroughly debrided; 2) the infected area should receive adequate blood flow to allow for tissue healing; and 3) spinal stability should be maintained or restored if it is compromised by either the infection or the surgical intervention.
General Principles
Needle biopsy sampling, which is of great utility in the diagnosis and treatment of spinal infections, can be conducted with fluoroscopy or CT guidance, and it has low morbidity and mortality rates when used in the thoracic and lumbar spine. This procedure should be used with caution in the cervical spine because of the surrounding complex anatomical structures.
The presence or progression of neurological compromise necessitates surgical intervention. If possible, the patient should receive intravenous antibiotic prophylaxis for at least 2 weeks before debridement. This may significantly diminish the amount of purulence and inflammation, allowing better definition of tissue planes for surgical dissection as well as decreasing the risks from anesthesia in an acutely ill patient.
The involved area is exposed either from an anterior or posterior approach, depending on the pathological features (described in more detail later). The level should be defined preoperatively by using appropriate imaging modalities, such as plain x-ray films, CT scans, or MR images. Intraoperative plain x-ray films may be useful to confirm the level on which to perform surgery. Gram stains and cultures of tissue samples should be obtained in A. Quiñones-Hinojosa, et al. deep wounds to aid the subsequent medical management with appropriate antibiotic drugs.
Complete removal of the necrotic tissue and debris should be accomplished and extensive irrigation of the cavity with antibiotic solution should take place. Infected and necrotic tissue is removed with curettes, pituitary rongeurs, large sucker tips, double-action rongeurs, a drill, or an osteotome. Debris resection should be continued until bleeding, well-vascularized cancellous bone, muscle, or fat tissues are encountered.
The grafts used for arthrodesis should be strong and osteogenic, with the gold standard being tricortical iliac crest autograft. With size constraints, such a graft may need to be supplemented with longer struts obtained from the fibula or ribs. The disadvantages of using longer struts are that the fibula is mainly cortical bone and the ribs are mainly osteogenic but are relatively weak. Cadaveric banked bone is an alternative that can be considered as an option to achieve stability when necessary. Vascularized rib grafts with attached intercostal artery and vein can be mobilized and implanted if indicated, especially for revision surgery.
Abscess Drainage
In the cervical spine, an abscess can present in the anterior or posterior triangle of the neck or in the supraclavicular area. There will be times when the abscess extends into the prevertebral fascia and into the mediastinum. If airway compromise is present, drainage of the abscess should be performed immediately via an extraoral approach. The sternocleidomastoid muscle should be mobilized medially and the levator scapulae and splenius muscles should be exposed. The internal jugular vein can be mobilized anteriorly, which should permit the visualization of the abscess in front of the transverse process as well as the anterior aspect of the involved VBs.
The costotransversectomy approach to the thoracic spine is commonly used for drainage of abscesses. This approach can be accomplished through a midline or a semicircular incision. The goal is to reflect the muscle and soft tissue away from the spinous processes and the laminae on the side of the infection. The transverse process(es) involved as well as the contiguous rib(s) should be widely exposed, with care taken to avoid entering the pleural space. The rib can be resected for a length of 5 to 7 cm in adult patients. The neurovascular bundle between the ribs is dissected free, and ligated in most cases.
Paravertebral and psoas abscesses may present in the lumbar spine. For a paravertebral abscess an incision parallel but lateral to the vertebral spinal processes can be made. The erector spinae muscles are identified and dissected bluntly to reach the transverse processes. If the abscess cannot be entered with blunt dissection, then the thracolumbar fascia separating the quadratus lumborum muscle from the erector spinae muscle should be incised. Psoas muscle abscesses are extraperitoneal and can be drained through the Petit triangle (formed posterolaterally by the lateral margin of the latissimus dorsi, the medial border of the external oblique abdominal muscle, and the base by the crest of the ilium). The incision is made la-
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Spinal infections: multidisciplinary approach 9 † Sensitivity should be verified by laboratory testing. ‡ Value of gentamicin in treatment of osteomyelitis caused by Enterococcus spp. has not been proven. If gentamicin is used it should be for a limited time (1-2 weeks) and at low dosage (1 mg/kg/8 hrs).
§ In severely ill patients, rifampin can be added to the regimen. || If severely ill, most treatments would start with amphotericin B for 2-4 weeks and then change to an oral azole.
teral to the erector spinae muscle, approximately 2.5 cm above the crest of the ilium and in a line parallel with it. A blunt dissection technique through the internal oblique muscle to gain access to the abscess is also recommended.
Posterior Decompression
The use of posterior decompression (that is, laminectomy) has been reserved mainly for the rare occasion when there is an isolated posterior epidural collection without involvement of anterior vertebral elements. 18 For infections also involving anterior structural elements of the spine, such as the VB, this approach has not been advised because of unfavorable clinical outcomes resulting from progression of deformity, increased instability, and the accompanying neurological deterioration. 31 Generally, the anterior elements of the spine are the focus of infectious involvement. Thus, removing the posterior, uninvolved supportive elements of the spine by laminectomy may contribute to further, progressive deformity.
In the setting of a posterior epidural abscess extending from an anterior focus (disc or VB) in a medically unstable patient with infections in the thoracolumbar region, in whom an anterior approach would carry a high level of morbidity and/or mortality, the use of a posterior approach may be necessary. Debridement of the anterior vertebral elements may be accomplished using variations of the lateral extracavitary or costotransversectomy approaches. The disadvantages of using the posterior approach to debride anterior components of infection include limited exposure and limited visualization of the anterior thecal sac as well as considerable difficulty in safely placing the anterior bone graft.
The posterior approach may leave the anterior spine vulnerable to anterior vertebral collapse and deformity. The initial use of fusion and instrumentation in this setting of purulence is not advised by many groups. Nevertheless, the benefits of posterior instrumentation and autograft fusion in this setting are the prevention of sagittal plane deformity and the maintenance of spinal stability. Therefore, some groups recommend circumventing this problem by completing a two-stage procedure in which, after treatment with antibiotic drugs and in the absence of wound infection from the original operation, a second-stage posterior instrumentation and fusion procedure with internal fixation is performed. 79 This approach is discussed in more detail later.
Anterior Decompression
Several surgical modalities have been described for the treatment of spinal infections via the anterior approach: 1) anterior decompression with and without autologous bone graft; 2) anterior decompression and fusion with posterior stabilization; and 3) anterior decompression and fusion with anterior instrumentation.
Autologous bone graft placement in the setting of debridement of vertebral osteomyelitis via an anterior approach has been demonstrated to be of great value in the treatment of tubercular spinal infections. The bone fusion occurs earlier, and decreased VB loss with a lesser degree of thoracolumbar kyphosis is expected postoperatively. 14 In this study, however, during a 10-year follow up in patients who received bone graft compared with those who received only debridement, there were no differences in overall clinical outcome with regard to degree of VB loss and kyphosis. Cahill and colleagues 18 presented a series of 10 patients (one with cervical, six with thoracic, and three with lumbar spinal infections), and demonstrated that those with spinal infections who received anterior debridement and fusion without instrumentation but with parenteral antibiotic medications and brace or cast immobilization for 3 months did well. The authors suggested, however, that instrumentation may have decreased the need for prolonged external immobilization.
The use of anterior decompression and fusion with posterior stabilization has the potential advantage of allowing the early mobilization of patients, thus lessening the morbidity associated with longer bed rest, including but not limited to thromboembolism, pulmonary dysfunction, and decubitus ulcer formation. Some surgeons have used this technique to treat patients with symptomatic discitis and osteomyelitis. For instance, Liebergall and colleagues 68 performed only anterior decompression and fusion in a small series of eight patients, also performing posterior fusion with instrumentation in only two patients. The advantage observed was that the two patients who underwent instrumentation required a shorter bed rest and immobilization period. Other groups have reported similar findings. 43, 94 As in the posterior approach, the placement of instrumentation in the infected surgical field in the anterior approach is not favored by many groups. Recently, however, investigators have reported the use of anterior cervical plating to stabilize the spine at the time of surgery, thus avoiding graft dislodgement and a posterior surgical procedure. This question is addressed in more detail in the section that follows.
Fusion With Instrumentation After Infection
The use of fusion in patients with infection remains a controversial issue. The biggest question is whether placing a graft/implant into an infected bed will interfere with successful treatment of the infection. At our institution, we have treated patients with pyogenic discitis and vertebral osteomyelitis by using a single-stage debridement, arthrodesis, and internal fixation. Sequential (same-day) anterior and posterior approaches are used regularly in the surgical management of scoliosis and other spinal deformities. Therefore, some surgeons consider it to be advantageous to use the same strategy (that is, combined sameday double approaches) in the management of vertebral osteomyelitis in the spine.
Dietze and colleagues 30 cite the following challenges for consideration. 1) Should vertebral reconstruction be performed primarily or delayed? 2) If arthrodesis is required should the graft be autologous or allograft? 3) If instrumentation would augment spinal stabilization, should it be performed primarily or delayed? 4) If instrumentation is used, should it be removed after successful bone fusion? This group concluded that vertebral reconstruction can be accomplished safely as part of the original procedure. Autologous graft is the preferred material for arthrodesis, although in some patients this may be difficult to obtain, and thus allograft is not contraindicated. This group also concluded that spinal instrumentation can be placed safely as part of the first procedure if the spine will clearly be unstable without fusion. This group did not reach a conclusion based on their study regarding the removal of instrumentation after a successful bone fusion. Based on our observations, we do not believe it necessary to remove the instrumentation in these cases. This would add another major surgery when supporting data are not available. Prospective, randomized control studies will be needed to answer these questions more accurately.
Recently, Przybylski and Sharan 89 performed a retrospective study of 17 patients to determine the efficacy of combining debridement, arthrodesis in which iliac autograft is used and harvested through the same surgical exposure, and segmental internal fixation in a single-stage procedure for patients in whom medical management of pyogenic discitis and vertebral osteomyelitis had failed. In their study, all patients experienced significant postoperative reduction in pain, and those with neurological deficits improved. Only five patients had been ambulating independently preoperatively, and after surgery this number increased. 11 Three more patients required a walker. The instances of morbidity and mortality in this study included two patients who died of medical complications during the 1st postoperative week. In one patient a wound dehiscence developed, which was managed with debridement, prolonged antibiotic administration, and removal of the hardware 1 year later. In no case was pseudarthrosis demonstrated on dynamic radiography. Most patients received only a 6-week course of intravenous antibiotic drugs postoperatively. Although the numbers of patients in the study are small, the harvesting of iliac autograft through the same surgical exposure did not appear to increase the risk of secondary infection. More studies, preferably randomized, need to be conducted to answer this question. 89 Safran and colleagues 105 also conducted a retrospective clinical study of 10 patients with vertebral osteomyelitis of the lumbar spine that necessitated surgical treatment. All patients underwent same-day anterior decompression and posterior stabilization of the involved vertebrae. Indications for surgery included neurological deficit, abscess formation, instability with localized kyphosis formation, and failure of nonsurgical treatment. All 10 of their patients underwent uneventful surgery and only one required a second surgical procedure because of construct failure. All patients were mobilized within 2 days postsurgery, and at a mean follow-up duration of 30 months, all patients had regained their presurgery ambulatory status. This group also advocates same-day anterior decompression and posterior stabilization as a safe and efficient way to control the infection and stabilize the affected segments, allowing for early mobilization of these systemically ill elderly patients. 105 Rath and colleagues 92 conducted a retrospective review of 43 consecutive surgically treated patients with osteomyelitis of the thoracic (19 patients) and lumbar (24 patients) spine. After diagnosis, five patients were treated by posterior decompression only; three of them, however, required further surgery for recurrent infection, spinal instability, and secondary neurological impairment. Forty patients underwent combined posterior debridement and internal fixation with transpedicular screw-rod systems. Autologous interbody bone grafting was performed during a single-stage operation in 18 patients and in a twostage operation in 21 patients. Based on these data, this group discourages the use of posterior surgical debridement alone because of the high risk it carries for recurrence of infection and spinal instability. On the other hand, they advocate a posterior approach where indicated, in combination with simultaneous internal fixation and autogenous bone fusion, because they believe it offers the advantage of unlimited access to the spinal canal for decompression of the neural elements, prevents loss of correction of the vertebral alignment, and facilitates the early mobilization of patients. The use of spinal instrumentation and autogenous bone grafting in the presence of infection does not appear to lead to a higher risk of persistence or recurrence of infection. Therefore, these authors conclude that a single-stage procedure should be the goal.
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Management of Postoperative Spinal Infections After Placement of Instrumentation
The incidence of spinal infection after a primary decompressive lumbar laminectomy or discectomy without instrumentation has been reported to be approximately 1%. 53 In the past decade, the use of spinal instrumentation for fusion has become more prevalent. The rate of spinal infection after placement of instrumentation has recently been reported in retrospective reviews to range from 2.1 to 8.5%. 71, 77 Different strategies to deal with these infections have been advocated by different groups, including the use of antibiotic-impregnated beads with multiple reoperations 78 and reoperation with multiple debridements and removal of the hardware. 98 A current retrospective review by Levi and colleagues 65 of 452 patients who underwent a spinal instrumentation procedure at the Barrow Neurological Institute found that all infections occurred after posterior spinal instrumentation procedures (7.2%); there were no infections after anterior instrumentation procedures regardless of the spinal level. This group advocates surgical debridement of the infected wound, a course of intravenous followed by oral antibiotic medications, insertion of an antibiotic delivery irrigation-suction system for a mean of 5 days, and maintenance of the instrumentation system within the infected wound. At our institution we have used a similar practice, in addition to obtaining consultation from the infectious disease service. The potential advantages of using this technique are the ability to perform only one operation and to leave the previously implanted instrumentation in place.
PROGNOSIS
Due to concomitant serious illnesses and patient status, the mortality rate from spinal infections remains as high as 20%. 21, 95 This rate is dramatically reduced with early diagnosis, identification of causative agents, and initiation of specific treatments.
The duration of follow up necessary to demonstrate relapse is not well established, 30 although at our institution we follow patients for a minimum of 12 months. During this period, patients should be evaluated using laboratory and imaging studies, and by assessment of clinical symptoms and neurological function as described. Generally, with appropriate antibiotic treatment, the relapse rate in most studies is between 0 and 4%. 55, 117 Laboratory studies
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Spinal infections: multidisciplinary approach should show declining levels of CRP and ESRs, and imaging should demonstrate osseous fusion with a halt in cortical destruction. Recurrence of infection in the presence of instrumentation is similar to that in its absence, indicating that infection may not be a contraindication for its use. 92 The risk of progressive kyphosis is highest in patients with a large anterior defect requiring a graft spanning more than two disc spaces, in those with lesions within the thoracic region, after use of long rib strut grafts, and in patients with marked preoperative kyphosis. 90 Posterior arthrodesis is recommended after anterior debridement and grafting when spinal stability is an issue. 6 Kyphotic deformities are best corrected by surgery. In one series, 33 patients with a mean preoperative localized kyphotic deformity of 26˚ experienced improvement to a mean of 10˚, with evidence on plain x-ray films of solid bone fusion in all. 97 In the same series, a nonsurgically treated patient experienced worsening of angulation from 6 to 22˚, whereas another had thoracic kyphosis that worsened from 40 to 46˚.
Neurological impairment is a serious complication associated with spinal infections. Its prevalence is strongly related to the degree of neurological deficit at the time of surgical intervention. Factors associated with worse neurological outcome are the presence of diabetes, rheumatoid arthritis, cervical spine involvement, and a treatment delay of 72 hours after neurological impairment. 31, 56, 59, 80 A young age improves the prognosis. Neurological worsening due to surgery is unusual, and postoperative neurological deterioration is often associated with recurrence. Nevertheless, inappropriate surgical management of spinal infections (such as laminectomy in the presence of anterior disease) has been found to lead to progressive neurological worsening.
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CONCLUSIONS
Spinal infections are a significant clinical problem, representing a major financial burden and having a substantial impact on the patient's quality of life. The inconsistent presentation of these entities makes the initial diagnosis difficult, and due to proximity to the spinal cord, a delay in diagnosis can result in suppuration into the spinal canal and compression. This may be followed by necrosis of functional fibers, leading to permanent neurological deficit or even death.
When patients present with minimal or no neurological deficits and the morbidity and mortality rate associated with a surgical intervention is high, they should first be treated nonsurgically. If surgery is chosen, the approaches are various and should be tailored to the patient's presentation. For infections better treated with an anterior debridement and grafting, some practitioners recommend stabilization with instrumentation within the same surgical field as the initial procedure, whereas others recommend following with a posterior instrumentation Technological advances in imaging, antibiotic medications, and surgery have resulted in excellent outcomes and have greatly reduced the morbidity and mortality levels associated with spinal infections by allowing for earlier diagnosis and effective medical or surgical management. The current treatment protocols for spinal infections require a multidisciplinary team of physicians, including infectious diseases experts, neuroradiologists, and spine surgeons. Therefore, the key to successful management of spinal infections is early detection followed by appropriate treatment; only then can a good outcome be expected.
